We report here that calmodulin isolated from the monocotyledon barley is indistinguishable by a variety ofcriteria from calmodulin isolated from the dicotyledon spinach. In contrast to previous reports, we find that barley (Hordeum vulgare) calmodulin has an amino acid composition similar to that of vertebrate and spinach calmodulins, including the presence of a single trimethyllysinyl residue, and that barley calmodulin quantitatively activates cyclic nucleotide phosphodiesterase. Further A recent report (7) has described calmodulin from barley leaves as being rather novel. Barley calmodulin was 10-to 100-fold less effective than vertebrate calmodulin in activating mammalian cyclic nucleotide phosphodiesterase and myosin light chain kinase. The amino acid analysis indicated a number of differences, most notably the absence of trnmethyllysine. Although barley is a monocotyledon and is assumed to represent a slightly older phylogenetic branch than spinach, an advanced dicotyledon, these two higher plants are usually considered as closely related. The reported differences between spinach calmodulin (23) and barley calmodulin (7) in structure and function suggest either an unusually high rate of divergence during evolution or the existence of a calmodulin-like protein with several significant differences compared to calmodulin. In this study, we further characterize calmodulin from barley in terms of its comparative electrophoretic mobility, amino acid composition, peptide map, activator activity, and immunoreactivity in order to examine in more detail the possibility of a divergence in the evolution of the calmodulin family that coincides with the divergence of monocotyledons and dicotyledons. A preliminary report (15) summarizing some of the conclusions of this study has appeared.
analysis is required before significant differences, if any, can be assigned to barley or other higher plant calmodulins. These studies suggest that calmodulin's fundamental importance to the eukaryotic cell may have been established prior to the evolutionary emergence of higher plants.
Ca appears to play an important role in the regulation of many cellular reactions in plants (14) . Some of the effects of Ca may be mediated through calmodulin, a relatively ubiquitous, Ca- binding protein (4, 12, 14) . Calmodulin or calmodulin-like activity has been detected in plants from different phylogenetic levels (1, 6, 18, 23) and at least two enzymes in plants appear to be modulated by calmodulin: a nucleotide kinase (1) and a Ca ATPase (5) .
Amino acid sequence data demonstrate the extremely high homology among calmodulins from vertebrates (26) , invertebrates (10, 16) , protozoa (27) , and higher plants (21, 25) . The calmodulin from the dicotyledon spinach (21) differs from human brain calmodulin (13) in only 12 of 148 residues. Ten of these differences could be explained by single base changes in the genetic code. These observations suggest that only a few changes of the calmodulin molecule were tolerated during this phase of phylogenetic development. The A recent report (7) has described calmodulin from barley leaves as being rather novel. Barley calmodulin was 10-to 100-fold less effective than vertebrate calmodulin in activating mammalian cyclic nucleotide phosphodiesterase and myosin light chain kinase. The amino acid analysis indicated a number of differences, most notably the absence of trnmethyllysine. Although barley is a monocotyledon and is assumed to represent a slightly older phylogenetic branch than spinach, an advanced dicotyledon, these two higher plants are usually considered as closely related. The reported differences between spinach calmodulin (23) and barley calmodulin (7) in structure and function suggest either an unusually high rate of divergence during evolution or the existence of a calmodulin-like protein with several significant differences compared to calmodulin. In this study, we further characterize calmodulin from barley in terms of its comparative electrophoretic mobility, amino acid composition, peptide map, activator activity, and immunoreactivity in order to examine in more detail the possibility of a divergence in the evolution of the calmodulin family that coincides with the divergence of monocotyledons and dicotyledons. A preliminary report (15) (23) were prepared using essentially previously described procedures.
Polyacrylamide gel electrophoresis in the presence of SDS was done essentially as described (2) . Analytical isoelectric focusing was performed on a LKB Multiphor 2117 using 0.75-mm-thick gels cast onto gelbond foil (Marine Colloids). Best results were obtained with 5% (w/v) acrylamide, 6 M urea, 2.2% (w/v) Ampholines, 2.5% (v/v) NP-40. The polymerization was started with ammonium persulfate and TEMED. A linear pH range between 3.5 and 5.5 was obtained by mixing Ampholines in the pH 2 to 4, pH 3.5 to 5, and pH 3.5 to 10 ranges in a ratio of 1:4:1. Anode and cathode solutions were 50 mm H3PO4 and 10 mM NaOH, respectively. After polymerization, the gel was prefocused for 30 min, the samples were mixed 1:1 with sample buffer (9.5 M urea, Am- pholines, pH 3.5-10) and applied using sample transfer from small pieces of filter paper. With 1000 v as limiting voltage, the experiment was finished after 4 h; during this time, the gel was cooled with circulating water at 4°C.
Performic acid oxidation (9), digestion of calmodulin with trypsin in the presence of EGTA (19) , cyclic nucleotide phosphodiesterase activator activity (24) , radioimmunoassays (20) and protein determinations (17) were done as previously reported. B
The HPLC separation of tryptic peptides was performed essentially as described (23) except for the use of a Whatman Partisil ODS-3 column and a modified elution program as described in Figure 2 .
Automated Edman degradations were done using a Beckman sequencer as previously described (19) or using an Applied Biosystems Sequencer as described (8) . Amino acid analyses were done as previously described (17) In isoelectric focusing gels (Fig. I B) constant amount of '25I-labeled chicken gizzard calmodulin (50,000 ng) or "25I-labeled spinach calmodulin (60,000 cpm; 3 ng) was a to each assay vial. Iodinated vertebrate calmodulin was used as the t in A and C, and iodinated spinach calmodulin was used in B. Sar were incubated and processed as described previously (20 Peptide Maps. Clearly, based on the above results, barley calmodulin appeared to be more like spinach calmodulin than previously assumed. Therefore, barley, spinach, and chicken gizzard calmodulin were compared in more detail using peptide mapping procedures. Separations of peptides from trypsin digests of barley, spinach, and chicken gizzard calmodulins were done using an octadecylsilanyl reverse phase column under identical elution programs (Fig. 2) . In the experiment shown, the elution l0°profiles for the tryptic peptides of spinach and barley are similar except for two small peaks which appear in the tryptic digest of barley calmodulin at retention times of 39.9 and 41.2 min. It is not known if these are due to differences in rates of cleavage by trypsin or a reflection of true amino acid sequence differences. The elution profiles of peptides from the plant calmodulins are similar to but distinguishable from that of the peptides from vertebrate calmodulin.
The tryptic peptide which contains trimethyllysine (residues 107-126 in bovine brain calmodulin) was isolated from a trypsin digest of performic acid oxidized barley calmodulin. Its amino acid composition was as follows (molar ratio): aspartic acid, 3.3; threonine, 1.6; glutamic acid, 4.2; glycine, 2.6; valine, 1.6; methionine sulfone, 0.6; isoleucine, 1.0; leucine, 2.0; histidine, 0.6; trimethyllysine, 0.8; and arginine, 0.9. Sequence analysis of this peptide gave the following NH2-terminal sequence: His-Val-MetThr-Asn-Leu-Gly-Glu-X-Leu-. The position denoted by X is the expected position for trimethyllysine (26) . However, the identification and quantitation of PTH-trimethyllysine by reverse 0 phase chromatography analysis is equivocal at this time so an assignment was not made based on this sequencer run. In all other aspects, this partial sequence is identical to the corresponding sequence in the more completely characterized bovine brain and spinach calmodulins.
The most novel amino acid sequence difference between spinach and all other calmodulins is the presence of a glutamine residue at position 96, instead of a glycine. The amino acid composition of the tryptic peptide from barley calmodulin that corresponds to residues 91 to 106 of bovine brain and spinach calmodulins is (molar ratio): Asp, 3.4; Ser, 1.2; Glu, 2.6; Gly, 1.7; Ala, 1.8; Val, 1.0; Ile, 1.0; Leu, 1.2; Phe, 1.6; Lys, 1.3; and Arg, 1.2. Sequence analysis of the peptide gave Val-Phe-Asp-LysAsp-Gln-Asn-Gly-Phe-Ile4Ser)-Ala-Ala-(Glu,Leu,Arg (20, 21) against calmodulins is shown in Figure 4 . These antisera were prepared in rabbits by injecting vertebrate calmodulin (Fig. 4 , A and C) or spinach calmodulin (Fig. 4B) . All calmodulins tested, including barley calmodulin, react equally well with the antisera used for the radioimmunoassay shown in Figure 4A . The antisera made against spinach calmodulin react well with spinach and barley calmodulins but poorly, or not at all, with vertebrate calmodulin (Fig. 4B) . The antisera used in Figure 4C react 
